Abstract-This paper presents a three-phase three-level fast battery charger for electric vehicles (EVs) based in a current-source converter (CSC). Compared with the traditional voltage-source converters used for fast battery chargers, the CSC can be seen as a natural buck-type converter, i.e., the output voltage can assume a wide range of values, which varies between zero and the maximum instantaneous value of the power grid phase-to-phase voltage. Moreover, using the CSC it is not necessary to use a dc-dc back-end converter in the battery side, and it is also possible to control the grid current in order to obtain a sinusoidal waveform, and in phase with the power grid voltage (unitary power factor). Along the paper is described in detail the proposed CSC for EVs fast battery charging systems: the circuit topology, the power control theory, the current control strategy and the grid synchronization algorithm. Several simulation results of the EV fast battery charger operating with a maximum power of 50 kW are presented.
INTRODUCTION
The growing interest of electric mobility contributes to the migration to a new paradigm in the transport sector and to a more sustainable and efficient mobility [1] [2] . For instance, in [3] is presented a comparison of an electric vehicle (EV) and a diesel powered vehicle in terms of energy consumption, and is concluded that the EV is significantly more energy efficient than the diesel vehicle in a tank-to-wheel perspective. As presented in [4] , with the electric mobility paradigm, emerges several opportunities and challenges for the EVs integration in the power grids. However, this new paradigm will only be viable if the EVs have competitive costs, both production, purchasing and maintenance, as well as effective control strategies for its integration in the power grids [5] [6] . Alongside with this, the time required to perform the EV battery charging process is one of the main issues that must be addressed by the EVs battery chargers [7] [8] . Nowadays, to mitigate this issue are used public fast battery chargers with an operating power above 50 kW [9] . However, considering that a great amount of power is delivered in such a short time, it is possible identify advantages and disadvantages when this method is compared with slow battery chargers [10] . Taking into account that the required energy is provided from the power grid it is expected that the power quality issues are not neglected [11] [12] [13] . The EV battery charging process requires the conversion of ac voltage from the power grid to a dc voltage to charge the batteries. This conversion is done by ac-dc power electronics converters, which can be designed with a single stage (ac-dc front-end converter) or with a double stage (ac-dc front-end and a dc-dc back-end converters). The ac-dc front-end converters of the fast battery chargers can be designed with passive or active power converters [14] [15] . The main passive power converters are the full-bridge diode rectifier and the multi-pulse rectifiers, where are used transformers with several windings connected in specific configurations aiming to reduce the harmonic content of the main current [16] [17] . Although its simplicity, these power converters are not the most appropriated converters for EV fast battery chargers, once it is not possible reduce drastically the harmonic content of the grid current and are heavy and bulky. On the other hand, the main active power converters are based, for instance, in the full-bridge full-controlled converter, the SWISS and VIENNA converters, and the neutral-point-clamped converter [18] [19] . Although the complexity of the active power converters, they are the most appropriated for fast battery chargers, once it is possible regulate the dc-link voltage and minimize the grid current harmonic content. The aforementioned active power converters are boost-type voltage-source converters controlled by current, where the dc-link voltage is greater than the power grid voltage maximum value. Therefore, it is required use a buck-type dc-dc back-end converter to adjust the dc-link voltage to an appropriated level to charge the EV batteries. Fig. 1 shows the circuit topology of the proposed EV fast battery charger based in a current-source converter (CSC). As it can be seen, instead of using capacitors in the dc side, it is used an inductor as energy storage element. In order to ensure the proper operation as active rectifier, i.e., with sinusoidal current and unitary power factor in the ac side, it is required the use of a LC filter in the ac side. Although there are galvanically isolated solutions [9] , the proposed topology is non isolated, once the isolation only should be guaranteed between the traction batteries and the auxiliary battery. Taking into account that the presented topology is a current source type, the dc link current cannot be interrupted. Therefore, the EV connection or 978-1-4799-7800-7/15/$31.00 ©2015 IEEEdisconnection to the converter is only performed when the dc link current is zero. In [20] is presented a CSC used as a motor drive in EVs, and that is combined with a V-I converter to interface the dc-link (current) and the batteries (voltage). In this application, the V-I converter is used to charge or discharge the batteries. Nevertheless, using a single CSC between the power grid and the batteries, it is possible avoid the use of the dc-dc back-end converter due to CSC capability to operate as buck converter. Moreover, CSC operates as active rectifier allowing sinusoidal current and unitary power factor in the ac side [21] [22] . These main advantages of the CSC allow reduce the total cost and volume in applications as EV fast battery chargers. Therefore, this paper presents a three-phase three-level CSC for EV fast battery chargers. The rest of this paper is structured as follows. In section II is presented the CSC fast battery charger principle of operation, where are included the main specifications and the synchronism with the power grid voltage. In section III is presented the CSC controller design, namely, the power theory and the current control strategy. In section IV are presented the main simulation results, where the EV fast battery charger operates with a maximum power of 50 kW. Finally, section V presents the main conclusions.
II. CSC FAST BATTERY CHARGER DESCRIPTION
The converter presented in this paper to perform the EV fast battery charging is composed by a single ac-dc front-end converter, which is based in a three-phase three-level CSC. Table I shows the main specifications of the proposed CSC EV fast battery charger. These specifications were selected aiming to be possible to perform a traditional EV fast battery charging process. As example, in [23] is presented the charging profile of a Nissan Leaf during approximately 30 minutes until the battery state-of-charge reaches 80%. Fig. 2 shows the current and power measured during a charging cycle. In order to obtain sinusoidal currents and almost unitary power factor, it is mandatory that the CSC controller must be synchronized with the positive sequence of the power grid fundamental voltage. In the scope of this paper was used the three-phase phase-locked loop implemented in αβ coordinates (αβ-PLL) proposed in [24] , in order to track the positive sequence component at the fundamental frequency. Fig. 3 shows the algorithm of this αβ-PLL. As it can be seen, the feedback signals pll α and pll β result from the calculation of the sine and co-sine of ωt, which represents the output angle given by the integrator. These signals have unitary amplitude and correspond to the direct and quadrature components of the positive sequence of the fundamental power grid voltages. The αβ-PLL is the first algorithm implemented by the CSC controller, once it is used as input to the subsequent control algorithms.
III. CSC CONTROLLER DESIGN
In this section is presented the CSC controller design, namely, the power theory that allows define the grid current references in function of the battery charging current, and the current control strategy that allows the CSC to synthetize the current references. Fig. 4 shows the single-phase equivalent circuit of the EV fast battery charger, where are represented the main currents and voltages, for both ac and dc side. This equivalent circuit is used to describe the circuit equations in a simple way.
A. Power Theory
In this item is presented the power theory beyond the CSC control algorithm. In order to simplify the power theory description, in this item is assumed that the power grid voltage is composed only by the fundamental component. However, in the CSC digital controller is used an αβ-PLL, allowing to obtain sinusoidal references to the grid current. Considering that the single-phase power grid voltage (v g ) and the single-phase grid current (i g ) are expressed, respectively, by: the three-phase active power (P g ) in the ac side can be defined by:
Considering that is only transferred active power from the power grid to the batteries, the power grid voltage (v g ) and the grid current (i g ) are in phase, i.e., φ=0. Therefore, from (3) it can be defined an equivalent single-phase conductance (G), seen from the CSC output according to:
where, V g corresponds to the rms value of each single-phase power grid voltage (v ga , v gb , and v gc ). Using the conductance defined in (4), the single-phase instantaneous grid current reference for each phase can be defined by:
where, pll is the output of the three-phase αβ-PLL algorithm and can assume the values of pll a , pll b or pll c , according to the power grid phase. It is important to refer that using this strategy, the grid currents (i ga , i gb , and i gc ) will be sinusoidal even under power grid voltages (v ga , v gb , and v gc ) with high harmonic content. It is important to refer that using this strategy, the grid currents (i ga , i gb , and i gc ) will be balanced even under unbalance voltages (v ga , v gb , and v gc ). Neglecting the CSC losses, the active power P g corresponds to the power to charge the batteries. Therefore, substituting (4) in (5) is obtained: * 3 √2 .
Substituting P BAT is obtained:
where, I BAT is the current in the dc-link and is controlled by a PI controller. From Fig. 4 , analyzing the voltages and currents between the power grid and the CSC, it can be established that: ,
B. Current Control Theory
.
(9) Taking into account that i r ≪ i l , it can be assumed that i g ≈i l without introduce significant error to the circuit analysis. Substituting the current in the capacitor (i c ) represented in (8) by the time derivative of its voltage multiplied by its capacitance, it can be established:
Substituting (9) in (10) and rearranging in order to the current (i CSC ) that the CSC must produce is obtained:
Finally, substituting the voltage in the inductor (v l ) by the time derivative of its current multiplied by its inductance, it can be established:
Taking into account that is used a digital control system, the derivative of the power grid voltage (v g ) in (12) can be substituted by its discrete implementation using the forward Euler method according to:
and the second order derivative of the power grid current in (12) can be substituted by its discrete implementation defined as:
Using (13) and (14), the discrete implementation of (12) results in:
where, f s is the sampling frequency, and k, k-1, k+1, are respectively, the actual, previous and next samples. The purpose of this control law is make the error between the grid current (i g ) and its reference (i g *) at instant k equal to zero at time k+1. Therefore, (15) can be rewritten for:
In order to compute (16) is necessary know the value of the power grid voltage (v g ) in the instant k+1. This value can be obtained from the present and previous values using a Lagrange extrapolation [25] given by:
Substituting (17) in (16) is obtained the final current control law that allows control the current produced by the CSC. The current i CSC [k] is the reference that is used to control the state of the CSC switches. The gate pulse patterns that allow synthesize this current are obtained from a combinational logic circuit [26] , which is responsible to generate the CSC valid states, as presented in table II. The input of the combinational logic circuit is the result of the comparison between the current i CSC [k] and a pulse-width modulator (PWM) with 20 kHz center-aligned triangular carrier. 
IV. SIMULATION RESULTS
In this item are presented some simulation results obtained during the EV fast battery charging process under the conditions of phase-to-phase power grid voltage of 400 V, and with a maximum charging power of 50 kW. The simulation results were obtained with the simulation software PSIM 9.0, where is included the hardware topology, the digital control system, and the battery model. It is important to refer that the simulation mode of the CSC uses IGBTs as controlled semiconductors in series with diodes (once IGBTs do not have reverse-blocking capability). However, in a perspective of a future practical implementation, it can be considered use RB-IGBTs as suggested in Fig. 1 . In the simulations were considered lithium ion batteries with a nominal voltage of 360 V and with a nominal energy of 20 kWh. Although the EV battery charger was mainly designed to charge lithium batteries, it can be used to charge any type of batteries. In order to prevent resonance due to the LC filter, it was used a damping resistor of 10 Ω in parallel with the L filter. Taking into account the aforementioned CSC controller design, during all the process of the EV fast battery charging, the grid current (i g ) is sinusoidal and in phase with the power grid voltage (v g ). In the scope of this paper, it is assumed that the power grid voltage has a total harmonic distortion of about 2%.
For the phase a, Fig. 5 (a) shows the power grid voltage (v ga ) and the grid current (i ga ). Fig. 5 (b) shows in detail when the power grid voltage (v ga ) and the grid current (i ga ) crosses zero. Fig. 5 (c) shows in detail the grid current (i ga ) ripple. These simulation results were obtained with a power of 50 kW and a measured total power factor of 0.99. As show in Fig. 5 , due to the power theory (cf. section III A) and the grid current control strategy (cf. section III B), the grid current (i ga ) is sinusoidal with low harmonic distortion. However, taking into account that the charging power varies during the battery charging process (Fig. 2) , the grid current THD% also varies. Fig. 6 shows the grid current THD% in function of the charging power (with a variation between 10 kW and 50 kW). Once the power grid voltage has harmonic content (about of 2%), and since it is used a PLL (cf. section II) in the power theory, the grid current does not vary linearly with the power grid voltage. Fig. 7 shows the power grid voltage (v g ) in function of the grid current (i g ). As it can be seen, the variation is approximately linear between -75 A and 75 A, and is much nonlinear near of the maximum values (i.e., above ±100 A and ±300 V). This situation occurs because the power grid voltages waveform is not purely sinusoidal (it presents a THD% of about 2%). Fig. 8 shows the instantaneous value of the grid current error in function of the grid current (i g ) during the charging process with a power (P BAT ) of 50 kW. As it can be seen, the maximum current error occurs near of the maximum value (±100 A) and the maximum current error is below 2 A.
For the phase a, Fig. 9 shows the grid current (i ga ), the current in the input capacitor (i c ), the current produced by the CSC (i CSCa ), and the current in the dc-link (I BAT ). As it can be seen, the grid current (i g ) is sinusoidal, the dc-link current (I BAT ) is maintained constant with a value of 120 A (that corresponds to a current for the maximum power of the battery charging process) with low current ripple, the current produced by the CSC (i CSCa ) has three-levels (-I BAT , 0, +I BAT ), and the current in the input capacitor (i c ) is in accordance with the CSC current in order to maintain the grid current (i g ) sinusoidal and in phase with the power grid voltage (v g ). Fig. 10 shows the phase to neutral power grid voltages (v ga , v gb , and v gc ), the grid currents (i ga , i gb , and i gc ), and the current produced by the CSC (i CSCa ) in phase a. Fig. 11 shows some simulation results related with the dc-link current (I BAT ). Fig. 11 (a) shows the dc-link current (I BAT ) during a complete EV fast battery charging process. The 
V. CONCLUSIONS
This paper presents an EV fast battery charger based in a three-phase three-level CSC. Taking into account that the CSC is a natural buck-type converter, it can be used instead of voltage-source converters, mainly because it is not required the use of a dc-dc back-end converter. Therefore, the output voltage can assume a wide range of values (between zero and the maximum instantaneous value of the phase-to-phase power grid voltage). Besides this advantage, the CSC can also be used to maintain the grid current with a sinusoidal waveform, and in phase with the power grid voltage (unitary power factor), contributing to preserve the power quality of the electrical power grid. Moreover, due to the CSC control algorithm (power theory and current control strategy), which allows to obtain sinusoidal current references (using the PLL signals), the grid currents present sinusoidal waveform, even with distorted power grid voltages (the voltages present a THD% of about 2%). The CSC power theory and the current control strategy, as well as the CSC grid synchronization, are presented along the paper. In order to attest the feasibility of the CSC operating as fast battery charger are presented several simulation results for operation with a maximum power of 50 kW. 
